Introduction
Resonant tunneling diodes (RTDs) are inherently high-speed devices with a special load curve that contains a region of negative differential resistance (NDR) and they have been suggested as an alternative device to the complementary metal-oxide-semiconductor (CMOS) device in high-speed information procession applications in the 2007 edition of the ITRS [1] . Different high-speed application circuit designs have been demonstrated using RTDs in combination with other well-developed devices [2] [3] [4] [5] [6] . A classic example is the monostable-bistable transition logic element (MOBILE) configuration which can be used for ultra high speed analog-to-digital convertor [5] . One major challenge of RTDs is in the multilayer heterostructure which is required for the double barrier quantum well (DBQW) configuration which is responsible for the NDR characteristics of RTDs. This challenge could be mitigated using graphene nanoribbons (GNRs), and the DBQW can be setup by controlling the width of the GNRs [7] . Furthermore, the high carrier mobility of GNR [8] could potentially increases the drive current of RTDs and opens up other possible application. However, edge roughness remains a major concern for GNR devices. Therefore, in this work, we report our computational study on the effect of edge roughness on the device performance of GNR RTDs.
Simulation setup
Due to the unique properties of GNRs, similar DBQW configuration can be setup in vastly different shape of GNR RTDs. In this work, we focused on the H-and W-shape as shown in Fig. 1(a) and (b) , respectively, and their DBQW configuration shown in Fig. 1(c) . To simulate the edge roughness of the GNRs, carbon dimers are randomly removed or added along the edges of the GNR RTDs. A sample of the W-shape GNR RTD with 15% edge roughness is shown in Fig. 1(d) . The generated atomic structure is passed to the quantum simulator, based on the nearest-neighbor π-orbital tight-binding model, which utilize the non-equilibrium Green's function approach [9] to simulate the transport properties of the GNR RTDs. A Laplace's potential is assumed across the semi-infinite source and drain and the current characteristics of the different shape devices are obtained for different edge roughness of 5%, 10% and 15% at room temperature. The device characteristic of the corresponding smooth device is also simulated for comparisons. 
Results and discussion

A. H-shaped GNR RTD
The current-voltage characteristics for the H-shape GNR RTD with different edge roughness are shown in the left plot of Fig. 2 . In general, it is observed that the peak current (I peak ) decreases the degree of roughness increase and the peak-to-valley ratio also decreases with increasing edge roughness as shown in Table 1 . Moreover, there is a decrease in the (left)The current-voltage characteristics of H-shaped GNR RTD with smooth edges (0%, triangle) and 5% (cross), 10% (diamond) and 15% (square) edge roughness. The peak current (I peak ) decreases as the edge roughness increases, except for 15%, and the bias (V peak ) at which I peak occurs becomes smaller. (Right)The transmission spectrum of H-shape GNR RTD with smooth edges (0%, triangle) and 5% (cross), 10% (diamond) and 15% (square) edge roughness. The first transmission peak decreases as the edge roughness increases and as a result the V peak in Fig. 2 decreases. The second peak for 15% (arrow) contributes to the second peak seen in Fig. 2 . Note also the transmission for 15% is higher than 10% which contributes to the higher I peak for 15% than 10%. peak voltage (V peak ), defined as the bias where I peak occurs, as the degree of roughness is increases. To understand these observations, the equilibrium transmission spectrum at different edge roughness is plotted in the right plot of Fig. 2 . The position of the first transmission peak is corresponding to the first discrete energy level within the DBQW and is related to the V peak position. It is observed that as the edge roughness increases, the first transmission peak shifts down the energy scale and it intuitively follows that a larger applied bias is required to bring the energy state closer to the conduction band for carriers to flow across the device. As a result, the V peak is highest for smooth case and decreases as the edge roughness increases.
B. W-shaped GNR RTD
The current-voltage characteristics for W-shaped GNR RTD at different edge roughness are presented in the left plot of Fig.  3 . As oppose to H-shaped GNR RTD, the V peak and I peak of W-shaped GNR RTD do not exhibit any trend in first glance. However, upon further examination of the corresponding equilibrium transmission spectrum show in Fig. 5 , a similar mechanism is observed. As compared to the first transmission peak of the smooth case, the similar peaks for different edge roughness have shifted downwards. In fact, the peaks for 10% and 15% have shifted below the Fermi level of the system and as a result, they do not contribute to the I peak observed in Fig. 3 (left) . Instead, the second transmission peaks for 10% and 15% is responsible for the corresponding I peak and as this peak for 10% (indicated by arrow in the right plot of Fig. 3) is at a higher energy than 15%, the V peak for 10% is larger. Another abnormally observed in Fig. 3 is that the I peak for 15% roughness device is much higher than that of smooth device. To understand this phenomenon, the local density of states for smooth and 15% edge roughness W-shape GNR RTD are plotted in Fig.  4(a) and (b) , respectively. While DBQW can be clearly seem in the smooth device, due to the edge roughness in the barrier region, a density of states within the barrier has increased and as a result a larger I peak is observed.
C. Peak-to-Valley Ratio (PVR)
One of the device performance indicators for RTDs is the PVR and it is summarized in Table 1 for H-and W-shape GNR RTDs with different edge roughness. PVR decreases monotonously with increasing edge roughness for H-shape and this is contributed to the vastly decreased I peak as observed in Fig. 3 . On the other hand, for W-shape device, there is an anomaly for 15% and as explained in the previous section this is due to the highly enhanced I peak due to the presences of more localized states in the barrier due to the edge roughness. Nevertheless, the PVR for smooth device is still the highest for the different shape GNR RTDs.
Conclusion
A computation study on the edge roughness effect on the device characteristics of GNR RTDs is presented in this work. Different edge roughness of 5%, 10% and 15% is simulated and the corresponding effect on H-and W-shape device performance are analyzed. While edge roughness remains a processing issue for GNR device, the NDR characteristics of a RTD is still observable at low edge roughness and with improvement on processing techniques, smooth-edge GNR RTD could be possible in the future. However, at 15% edge roughness, the first energy level has dropped very low and the second quantized state (white arrow) has come into the well. Furthermore, the localized states in the barrier regions have increased, leading to a higher tunneling current which manifested itself as the large I peak for 15% edge roughness seen in Fig. 4 . The current-voltage characteristics of W-shaped GNR RTD with smooth edges (0%, triangle) and 5% (cross), 10% (diamond) and 15% (square) edge roughness. The V peak of 10% and 15% are larger than that of the smooth case which. The I peak increases with the edge roughness and one possible reason is due to the introduction of localized states in the rough barrier shown in Fig. 4 which increase the drive current. In general, the I peak of W-shape GNR RTD is higher than the H-shape counterpart as explained in Ref. 7. (Right) the transmission spectrum of W-shape GNR RTD with smooth edges (0%, triangle) and 5% (cross), 10% (diamond) and 15% (square) edge roughness. Similar to H-shape GNR RTD, the first transmission peak decreases as the edge roughness increases. However, the peak for 10% and 15% is very low and do not exhibit any I peak . Instead, the second transmission peaks, indicated by the arrows is responsible for the I peak observed in Fig. 4 and hence the V peak of 10% is larger than that of the 15%.
